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SUMMARY

I A new sample pretreatment, which increases the effectiveness of the
Ferrograph in capturing elastomer wear debris, has been developed. A solu-
tion containing the rare earth metal of holmium is added to a sample prior

I to the making of a Ferrogram. The solution effects a minimum Increase In
elastomer deposition of 10 percent.

Five categories of seal wear debris have been discovered for linear
motion seals and four for rotary motion seals. Only one category is unique,
and it is the result of linear motion seal wear. Therefore, at present, it
is not possible to categorize a given particle of elastomer wear debris as
to its mode of wear except for one case, which is undoubtably one associa-
ted with linear motion.

Metallic debris contained in samples supplied by the Naval Air Engin-
earing Center appeared quite similar. Further work in this area will be
necessary before any definite conclusions may be reached concerning the
feasibility of using Ferrography to detect wear from specific hydraulic
components. It is recommended that a program of carefully contrived test-
ing of individual components be undertaken to determine conclusively whether
or not specific and distinguishable types of wear are generated by each

component.

The use of a scanning electron microscope (SEK) equipped with an X-ray
analyzer has demonstrated the ability to determine the predominant elements
constituting the individual wear particles deposited on Ferrograms. It is
recommended that further work be carried out in this area to determine the
feasibility of using X-ray analysis as a method of detecting wear from spe-

cific hydraulic components.
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PREFACE

This report was prepared by the staff of the Fluid Power Research A
Center of the Division of Engineering, Technology, and Architecture,
Oklahoma State University. The study wae initiated by the Naval Air
Engineering Center at Lakehurst, Nev Jersey. Authorization for the effort
reported herein was granted under Contract No. N68335-80-C-0523.

The study ws conducted under the general guidance of Mr. D. H. Ahlberg,
Senior Project Engineer at Fluid Power Research Center. The ferrographic
elastomer wear debris capture technique ws developed by Mrt. D. alley,
Center Project Assistant. The visual charaterization of metallic wear
debris ws performed by Mr. F. D. Norvelle, Center Assistant Director.
The overall direction of this study was carried out by Dr. 2. C. Fitch,
Center Director. The findings and conclusions are presented in this final
report.
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I. INTRODUCTION

A. This report describes the results of an experimental effort having three A
main thrust areas. Those areas were to characterize the metallic wear debris
of individual hydraulic components, to affect the deposit of elastomer debris
on Ferrograms, and to characterize elastomer wear debris as to wear mode, ma-
terial, and source.

B. In the matter of characterizing the metallic wear debris of individual hy-
draulic components, the analyses and comments cited in this report are made
purely on the basis of the samples received. The Fluid Power Research Center

(FPRC) had no information concerning system design, component location or mate-
rial content, filtration level, or maintenance history.

C. An experimental program was undertaken to achieve the goal of effectively
increasing the deposition of elastomer debris on Ferrograms by means of sampleI pretreatment. The pretreatments investigated were the addition of solutions
containing the perchlorate or chloride salts of lanthanide series metals.
Lanthanide series metals become magnetized in the presence of a strong magnetic
field. It was expected that elastomer debris would absorb the solutions, be-
come magnetized when passing over the ferrographic magnet, and more readily de-
posit on the Ferrogram. This work is being presented in a paper entitled: "A
New Sample Pretreatment for Increasing the Effectiveness of the Ferrograph in
Capturing Elastomer Wear Debris," which will be presented at the Annual Meeting
of the American Society of Lubricating Engineers in May 1982.

0. In order to characterize wear debris by material, the use of a scanning
electron microscope (SEM) equipped with an X-ray analyzer was investigated.
Extremely small particles were located visually by the SEM, whose powerful
electron beam excited the electrons of the particles of debris into emitting
X-rays. The X-rays were read by the X-ray analyzer which, by noting their
strength and quantity, was able to determine the predominant elements present.

7
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II. EQUIPMENT

A. THE FERROGRAPH

1. The analytical Ferrograph system consists of three components: the Fer-
rograph analyzer, the Ferroscope, and the densitometer. The Ferrograph analy-
zer is used to make Ferrograms. The Ferroscope is used to visually analyze
Individual particles on Ferrograms. The densitometer is used to indicate at
various locations along the Ferrogram the percent of area, whir' is covered by
debris, of that region which is contained In a 150-micrometer d of view.

2. The procedures governing all aspects of Ferrogrm prer. tion and
analysis, as well as more detailed descriptions of equipment ,  outlined in
reference (a).

B. THE SCANNING ELECTRON MICROSCOPE (SEM) AND X-RAY ANALYZER

1. A JEOL JSM 35 SE4 was used along with a Tractor Northern TN-2000 X-ray
analyzer. The SD! was used to visually locate individual particles, on Ferro-
grams. The X-ray analyzer was used to determine the predominant chemical
composition of Individual wear particles. Figure 1 shows the function of the
X-ray analyzer.

2. Some particles, particularly elastomer particles, tend to absorb a
static charge from the electron beam. This lessens the visual clarity on the
SER cathode ray tube screen and leads, in some cases, to particles jumping off
the Ferrogram. To control this problem, carbon may be sputtered onto the sur-
face of poor conducting particles. This reduces charge buildup. A Technics
Himmer II plasma coater was used to sputter carbon onto the Ferrograms.

Ref: (a) Dobson, J. D., "The FPRC Recommended Ferrographic Procedure," The BFPR
Journal, 1982, Vol. 15, No. 4, pp. 437-444.

8
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III. ELASTOMER WEAR DEBRIS CHARACTERIZATION

A. INTRODUCTION

1. An experimental effort, whose objective was to develop a method for in-
creasing the deposition of elastomer debris on Ferrograms, has been performed.
Samples of oil containing nitrile elastomer debris were pretreated with solu-
tions containing a perchlorate or chloride salt of a lanthanide series metal.
Pretreatment with a solution containing the perchlorate salt of holmium re-
sulted in a significant increase in debris deposition. A minimum increase of
10 percent was effected. Pretreatments with solutions containing the perchlo-
rate salts of gadolinium, dysprosium, and thulium and the chloride salt of er-
bium did not effect significant increases in particle deposition.

2. Linear-motion-generated seal wear debris has been classified into five
groupings, while that for rotary motion has been classified into four group-
ings. Only one grouping has been observed to be unique to linear motion gener-
ated wear. It is not, therefore, possible at present to assign to an individ-
ual wear particle its mode of wear, except in the one case found to be unique
to linear motion generated wear.

B. SAMPLE PRETREATMENT

1. This part of the report is a presentaLion of the results of an experi-
mental effort, whose objective was to increase the deposition of elastomer de-
bris by means of sample pretreatments. The pretreatments investigated were
the addition of solutions containing the perchlorate or chloride salts of lan-
thanide series metals. Lanthanide series metals become magnetized in the pre-
sence of a strong magnetic field. It was expected that elastomer debris would
absorb the solutions, become magnetized when passing over the ferrographic
magnet, and more readily deposit on the Ferrogram.

2. EXPERIMENTS

a. Thirty Ferrograms were prepared from samples of oil (SX-100 motor
oil) containing nitrile elastomer debris. The debris came from the seal and
shaft of a radial lip seal test stand on site at the FPRC. The samples were
divided into six groups. Each of the five groups were pretreated with one of five
different solutions containing the soluble chloride or perchlorate salt of
lanthanide series metal. One group was pretreated with a solution devoid of
any lanthanide series metal. The lanthanide chloride and perchlorate salts
used were those of gadolinium (Gd(C104) )), dysprosium (Dy(CI04)3), holmium
(Ho(C104)3), thulium (Tm(C104(3), and ehbium (IrCl3).

b. The 30 one-mL samples of oil, from which one Ferrogram per sample
was made, were drawn from one source. Approximately 10 percent of the source
was drawn as samples.

c. One of the authors drew all the samples and applied the pretreat-
ments. One technician made all the Ferrograms in the usual way with the ex-
ceptions of placing the glass substrate directly on the Ferrograph magnet and
elevating the back of the Ferrograph to a height of 12.7 m. One of the

10
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authors counted the particles on each Ferrogram 5 micrometers in size of lar-
ger, which were contained in six fields of view. Each field of view was 150
micrometers in diameter. The flelds were centered over the entrance point of
the Ferrogram and at five subseqi.at locations spaced 10 um apart.

d. Pretreatment Solution Preparation

(I) Saturated aqueous solutions of the four perchlorate salts and
one chloride salt were prepared. One drop of a different solution was added at
20*C to each of five containers that each contained 10 mL of n-butanol (ACS
grade). These were shaken until the aqueous solutions were completely dis-
solved. To each container was added 100 mL of toluene (ACS grade). These were
shaken until they were completely mixed.

(2) Lanthanide perchlorates exhibit great oxidizing potential
along with explosive characteristics when anhydrous. However, their hygro-
scopic character to readily absorb moisture from the environment desensitizes
them tremendously.

e. Ferrogram Sample Preparation

(1) The elastomer-debris-bearing oil source was shaken for 15 min-
utes in a paint shaker and deaerated in an ultrasonic bath. Ten one-aL samples
were drawn at one time. The next day the procedure was repeatedt, and 15 one-eL
samples were drawn. Each one-=L sample was drawn with a clean plastic pipette
of one-mL capacity. The samples were placed in clean Ferrogram preparation
bottles.

(2) One 3-aL dose of each pretreatment solution was added to one
each of five bottles. Each bottle was shaken and then heated at 54*C for 15
minutes. This was followed by Ferrogram preparation.

(3) Five additional one-mL samples were drawn from the source
after it had been shaken and deaerated. Each sample was pretreated with 3 mL
of toluene diluent to achieve a viscosity that was approximately equal to that
of the other samples. The toluene contained no lanthanide chloride or perchlo-
rate.

3. RESULTS AND DISCUSSION

a. Table 1 is a listing of the particle counts for each Ferrogram.
The count averages and variances are included. The counts for each pretreat-
ment were assumed to be approximately normally distributed. To test this
assumption, the counts ware plotted on normal probability plotting paper.
Straight lines were fitted to the plots, and 80 percent confidence bands were
added. These plots are shown in Figure 2. None of the plotted points lie out-
side of the confidence bands. This may be thought of as being like a hypoth-
esis where it was not possible to reject at the 0 to 20 percent level of sig-
nificance the assumption of an approximate normal distribution for the counts.
Thus, the assumption of the counts being approximately normally distributed was
maintained in all data analyses.

I
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TABLE 1 - THE NUMBER OF PARTICLES PER FERROGRAM CONTAINED
IN SIX 150-MICROMETER FIELDS OF VIEW

The Lanthanide in The Number of Particles
the Pretreatment Per Ferrogram - Five Count Count

Solution Ferrograms Per Treatment Average Variance

No Lanthanide 132 138 179 227 267 189 3,369
Gadolinium 149 171 172 201 482* 173 455
Dysprosium 175 197 206 209 210 199 212
Erbium 187 195 205 213 224 205 212
Thulium 14,5 167 181 313 438 249 15,495

Holmium 216 316 365 398 + 324± 6,295t

* This value was not used in computing the count average nor the count
variance.

+ This count has been lost.
t This value was computeJ with the four counts listed.

b. Hypothesis Testing

(1) A null hypothesis, which states the particle deposition was not
affected by any of the pretreatments, was tested against an alternative hypo-
thesis, which states that one or more of the pretreatments effected an increase
in particle deposition. The significance level for this test was chosen to be
5 percent, which means that if it is concluded that one or more of the pretreat-
ments effected an increase in particle deposition, there is a probability of 5
percent that such a conclusion is incorrect.

(2) Table 2 is a listing of the values of the T-statistic and the
corresponding critical value for the test arranged by pretreatment. Only the
holmium-containing pretreatment solution resulted in a value for the T-statistic
that lies in the critical rejection region. The pretreatment solution contain-
ing holmium was concluded, therefore, to have affected an increase in particle
deposition. At the 5 percent level of significance, it was not possible to
reject the hypothesis that the other pretreatment solutions had no effect in
increasing particle deposition.

TABLE 2 - VALUES 6F THE T-STATISTIC AND THE CRITICAL VALUE
FOR TESTING PRETREATMENT EFFECTS ON PARTICLE DEPOSITION

The Lanthanide in
the Pretreatment T-Statistic Critical Value
Solution

Gadolinium -0.57 2.00
Dysprosium 0.61 2.05
Erbium 0.61 2.05
Thulium 0.98 1.98
Holmium 2.85 1.96

12
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c. The Effectiveness of Pretreatment with Lanthanide Holmium

(1) In determining the effectiveness of the holmium perchlorate
ialt solution, the count variances for this pretreatment and for nonpretreat-
sent with a lanthanide were assumed to be equal. A 95 percent confidence
interval for the difference between the mean particle counts for pretreatment
with the lanthanide holmlun and nonpretreatment with a lanthanide is (27, 242).
A 95 percent confidence interval for the mean particle count for nonpretreat-
ment with a lnthanide is (17, 261). Thus, the statement, which has a 5 per-
cent probability of being incorrect, can be made that pretreatment with thesolution containing the lanthanide holmium effected at least a 27/671 or a

10 percent increase in particle deposition.

4. CONCLUSIONS

a. Pretreatment of nitrile elastomer debris bearing oil with a solu-
tion containing holmium resulted in an increase in the deposition of the elas-
toner debris on Ferrograma. At least a 10-percent increase in depositionoccurred.

b. It was inconclusive whether pretr,atments with solutions containing
other lanthanide metals of gadolinium, dysprosium, thulium, and erbium resulted
in any increase in particle deposition.

C. WEAR MODE CHARACTERIZATION

1. INTRODUCTION

a. Elastomer seal wear is caused by the wearing action of some sur-
face, which moves relative to the sealing surface of the elastomer. It is
generated during the linear reciprocating motion of cylinder rods and pistons
and during the rotational motion of the shafts on rotary machinery. The
severity of the wear could be dependent on many things, some of which may be I
pressure, seal material, shaft or barrel material and finish, fluid, operatingspeed, and clearances.

b. Several Ferrograms were made from samples of fluid containing elas-
toner wear generated during reciprocating motion and during rotational motion.
The wear debris was washed from the shafts of rotational seals, from the seals
themselves, and from cavities in a block which held linear seals into sampling
bottles. Several photographs of this debris, which was deposited on Ferro-
grams, are shown in order to contrast tear that is generated during recipro-
cating and rotational motion.

2. LINAR MOTION GENRATED SEAL DEBRIS. In observing the seal wear debris
generated by linear motion, it appears possible to classify it into five groups.
The groupings are gross extrusion, secondary extrusion, rolling, chunkings, and
film transfer wear.

a. During gross extrusion wear, seal elastomers extrude under pressure
into clearances. The extruded portion is more strained than the bulk of the
elastomer and wears preferentially. Large chunks of the extruded elastomer may

14
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be detached from the seal. Figure 3 presents photographs at 1O00 magnifi-
cation of long, thin elastomer particies. The particles are approximately
100 micrometers long and are thick enough to block the background light.
They are somewhat jagged in appearance.

b. Secondary extrusion wear is illustrated in Figure 4, a photo-
graph at 10001 magnification of a particle approximately 40 micrometers long.
It is wider, thinner, and less jagged than the gross extrusion wear parti-
cles. The particle appears to have been rubbed smooth and thin before being
detached from the seal. It was thought that this particle could be from
additional extrusion following the detachment of a gross extrusion wear
particle.

c. Rolling wear is illustrated in Figure 5 which shows cigar-
shaped particles. The photographs are at 100OX magnification, and the
particles are approximately 30 micrometers long. The particles appear to
be rolled up in a twisted fashion.

d. Chunking wear is illustrated In Figure 6, a photograph at iGOX
magnification of a chunk approximately 15 micrometers in size. The particle
looks as if it could have been a chunk off the end of a cigar-shaped rolling
wear particle in the process of separating from the parent particle.

e. Film transfer wear is illustrated In Figure 7 which is a photo-
graph at 1000X magnification of a large, flat, thin particle approximately
80 micrometers long. A lot of background light can be seen through the
particle, especially at the edges. The edges are cracked In many places.
It was thought that such a particle could have been generated by a thin
film of elastomer transferring to the shaft and subsequently detaching.

3. ROTARY MOTION GENERATED SEAL DEBRIS. In observing the seal wear
debris generated by rotary motion, it appears possible to classify it into
four groupings. The groupings are fatigue, abrasion, rolling, and film
transfer wear.

a. Fatigue wear is illustrated in Figure 8 which is a photograph
at 1000X magnification of a ragged chunk approximately 60 micrometers in

7 size. Because of its appearance, it was thought to have been pulled out of
the elastomer surface by a fatiguing action.

b. Abrasion wear is illustrated in Figure 9, which is a photo-
graph at 1000X magnification of a thin, flat particle approximately 40
micrometers in size. The thinness and flatness of the particle are thought
to be the result of abrasion.

c. Rolling wear is illustrated in Figure 10, which presents photo-
graphs at 1000X magnification of cylindrical particles. The particles in
Figure 10A are definitely twisted. It is thought likely that the twisted
cylinders are a secondary occurrence following fatigue and abrasion wear.

d. Film transfer wear is illustrated in Figure 11 which presents

photographs at 40X magnification of extremely thin "particles." A great
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deal of background light appears through the elastomer wear. This debris
is thought to be the result of the transfer of a thin polymer film from the
seal to the shaft.

4. RECIPROCATING/ROTARY MOTION GENERATED SEAL DEBRIS.

a. Seal wear generated during reciprocating and rotary motion has
classifications, one of which is unique to reciprocating motion and one of
which seems to predominate in rotating motion. Gross extrusion, not noticed
in rotary motion wear generation, was observed in reciprocating motion wear
generation. Film transfer, very evident in rotating motion wear generation,
was seldom observed in reciprecating motion wear generation. The secondary
extrusion wear observed in reciprocating motion wear generation was similar
to the abrasion wear observed in rotating motion wear generation. The rol-
lina wear observed for both modes of generation was similar. The chunking
wear observed in reciprocating motion wear generation was similar to the
fatigue wear observed in rotary motion wear generation.

b. To conclude, alihcugh seal wear debris may be assigned to a
classification if the mode, rotary or reciprocating motion, is known, it
is more difficult to assign the wear mode for an arbitrary wear particle.
Here, unless the particle fits the gross extrusion classification, it could
not be determined by which mode it was generated.

2
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IV. METALLIC WEAR DEBRIS CHARACTERIZATION

A. BACKGROUND

1. The analyses and comments reported in this section are made purely onIthe basis of the samples received. The FPRC had no information concerning sys-
tem design, component location or material content, filtration level, or main-
tenance history.

2. Each of the Ferrography reports in Appendix A is marked according to
the Analyst'sa opinion of the severity of the wear debris viewed on the Ferro-
gram. As with most other aspects of analytical Ferrography, this is a some-
what subjective evaluation. The subjectivity of this analysis is increased
in this particular study by the fact that no maintenance information was pro-
vided for the analyst,

3. It is known that the sevetity of wear depends on many factors, includ-
ing internal clearances, allowable leakage, the mass of various component parts,
and the contaminant tolerance of the component. It has been shown that differ-
ent systems are characterized by different "normal" contamination levels. For
Instance, in aircraft gas turbine engines, the TF-30 is a characteristically
"dirty" engine, while the TF-33 is a characteristically "clean" engine. Thus,
a sample that would be considered normal for a TF-30 would probably be con-
sidered critical for a TF-33 (reference (b)).

4. Because no such information was available for the system from which
these samples were taken, the classifications of the severity of the wear de-
bris are somewhat arbitrary. They do offer, however, a pseudo-quantitative
method for comparing the data from the various sample points.

B. RESULTS

1. The wear debris severity indexes of the pump case drain filter, dual
yaw control filter, reservoir return line filter, and the actuators' system
circuit were plotted against operating hours. The plots are shown in Figures
12 through 1.5. These plots indicate that wear debris severity is highest for
the pump case drain filter, followed by the dual yaw control filter, the reser-
voir return line filter, and the actuators' system circuit. The average wear
debris severity indexes are 4.3 for the pump case drain filter, 3.7 for the'1 dual yaw control filter, 3.3 for the reservoir return line filter, and 2.6 for
the actuators' system circuit.

2. The plots of Figures 12 through 15 provide a method of trending the
overall health of the system. The wear debris severity indexes for all four
plots begins decreasing significantly between 476.5 and 533.5 hours. Figure
16 is a plot of-the average wear debris severity indexes for the composite
system, and Figure 17 is a plot of the running average of the last five average
wear debris severity indexes. These two plots clearly reveal the decreases in
the wear debris severity indexes that occur at 476.5 hours.

I Ref: (b) Fluid Power Research Center, "PRAM Ferrography Final Engineering
Report," FPRC Report No. T51980, USAF Contract No. F34650-78-V-0351,3 15 Apr 1980.
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3. DISCUSSION.

a. While no maintenance records are available, this sudden and over-
all improvement in the system's level of debris suggests the possibility of
either an oil change, a filter change, or both. This thinking is reinforced
by the fact that after the 618.5-hour sample, the system's average level

* of debris begins to increase again.

b. The fact that the pump case drain filter was ranked worst is not
* surprising. It is generally understood that highly loaded rotating components

such as pumps are both the most contaminant sensitive (from a wear aspect) and
the highest particle generators in a hydraulic system. Because the case drainI fluid is used to lubricate the loadbearing surfaces within the pump, a large
portion of the internally generated wear debris is found in that fluid.

c. It was sonwhat unexpected that the dual yaw control filter samples
were worse than the reservoir return line filter. The relative locations of
these filters would have a -n-jor influence on this. However, such a situation
may not be abnormal with thiii system.

C. VISUAL CHARACTERIZATION OF METALLIC DEBRIS

1. Only the pump case drain filter samples demonstrated uniquely charac-
teristic wear debris. Each of the other samples contained very similar types
of ferrous wear debris, with a great deal of oxidation evident. The majority
of the large debris (greater than 25 micrometers) in all of the samples were
bright white in color and had a very rough surface texture similar to cast
aluminum.

2. In addition to the ferrous wear debris that appeared in the other
samples, the samples from the case drain filter contained large, white, metal-
lic chunks with curved striations, Figures 18 and 19. This material was
bright white but had a very different surface texture than the white material
found in the other samples. By heating the material to temperatures in excess
of 650*F, it was determined that it was a high quality stainless steel. Based
on the material, striations, and the point from which the samples were taken,
it seems very likely that the particles were wear debris from the swash plate
of an axial piston pump.

3. The fact that the debris from all of the samples was similar indicates
that either the wear modes experienced in all portions of the system were
actually the same (as would be expected if the components were all similar,
for example, linear actuators) or the filters were allowing the characteristic
particles from each portion of the system to pass through a mix with those
from other portions of the system. Which of these is actually the case can be
determined either by installing extremely fine, nonbypass-type filters in each
portion of the system or by carefully contrived testing of individual compon-
ents. The latter of these is preferable.

0. Further work in this area will be necessary before any definite conclusions
can be reached concerning the feasibility of using Ferrography to detect wear
from specific hydraulic components.
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Figure 18 -Photograph of Sample from Case Drain Filter
Containing Large, White, Metallic Chunks at 400X
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V. WEAR DEBRIS MATERIAL CHARACTERIZATION

A. BACKGROUND. Wear debris was analyzed spectroscopically by placing Ferro-
grams into the chamber of a SEK. The high energy beam of the SEN was suffi-
cient to excite the electrons of the elements which make up the debris. The
excited electrons, in decaying from their excited state to their normal state,
emit an X-ray photon. Each element, when excited, will emit uniquely charac-
teristic X-rays. By analyzing the X-rays, the predominant elements present
in a wear debris particle may be discovered.

B. EXPERIMENTS

1. Several of the prepared Ferrograms were placed in the SE chamber.
Various particles of interest, which had been photographed through the bi-
chromatic microscope of the analytical Ferrograph, were located on the cathode
ray tube of the SEM with the help of the photographs. The X-ray analyzer
then counted the number of X-rays of various strengths emitted by the debris.
The X-ray analyzer could distinguish between elements whose &tomic number was
greater than that of NEON: 10.

2. The glass substrates of the Ferrograms proved to be a hindrance in
the X-ray analysis. The silicon in the glass overshadowed the elements of
the wear debris. To overcome this difficulty, the Ferrogram should be pre-
pared on a carbon-filled substrate to reduce the background X-rays. A Ferro-
gram was prepared on a film of plastic and this proved to significantly reduce
the background X-rays.

C. RESULTS

1. METALLIC DEBRIS

a. Figure 20k shows the counts, which were counted in 60 seconds, of
X-ray photons at various energy levels coming from the entry point of Ferrogram
3635. The SEM photograph, Figure 20B, is at a magnification of IOOX. The sili-
con appears to dominate the count due to the excessive background X-rays caused
by the glass slide of the Ferrogram.

b. Figure 21 shows the counts for the same Ferrogram as in Figure 20B,
but at a new magnification of 2200X. The ordinate was shifted to coincide with
the silicon count. The counting was continued for 472 seconds. By shifting
the ordinate, all elements emitting X-rays of energy greater than 2 key are
easily distinguished; those emitting X-rays of energy less than 2 key are not
observed.

2. PLASTIC SUBSTRATE FERROGRAM. A Ferrogram was made on a plastic film
from a sample of fluid taken from a dual yaw control after 172 hours of opera-
tion. Figure 22 is a photograph of the Ferrogram entry location at 100OX.
Four different regions were analyzed by the SEM. Figure 23 shows the counts
for the A-region; the count was conducted for 20 seconds. Figure 24 shows
the counts for the brass region; the count was carried on for 20 seconds.
Figure 25 shows the counts for C-region; counting was performed for 40 seconds.
Figure 26 shows the counts for the center of the entry location; the counting
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Figure 20B -Photograph of Ferrogram 3635 at 10OX
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Figure 22 - Photograph of Ferrigram Entry
Location at 100OX
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was continued for 40 seconds. The background X-rays of silicon have been
greatly reduced. This permits the predominant element present in the debris
to stand out.

3. NONMETALLIC DEBRIS

a. With the ability to now affect the capture of elastomer and other
nonmetallic debris on a Ferrogram, the analysis of nonmentallic debris be-
comes possible. The visual analysis of such debris may become as important
as the visual analysis of metallic debris. The X-ray analysis of elastomer
wear debris has, however, not proved to be a very significant analysis.
This is because most elastomers are compounded of elements having an atomic
number less than 10. Thus, the X-ray analyzer cannot distinguish between
elastomer types except for the trace quantities of cross-linking agents and
other agents added to the elastomer to improve its formulation. Thus, sul-
fur, a common cr6ss-linking agent, can be detected but carbon and hydrogen
cannot.

b. Figure 27A shows the counts for the elastomer debris, which are
shown at magnification of 5000 X in Figure 27B. The silicon background
X-rays of the glass Ferrogram substrate dominate the counts; however, sulfur
is also observed.

c. Figure 28A shows the counts for the elastomer debris, which are
shown at a magnification of 6500X in Figure 28B. Sulfur is observed.

I d. Figure 29A shows the counts for the fabric debris, which are
shown at a magnification of i0OX in Figure 29B. No sulfur is observed.
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Figure 29B -Magnification of Fabric Debris at 110OX
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VI. RECOMMENDATIONS

A. It has not been demonstrated with this pioneering effort that a given
Ferrographically deposited particle of elastomer wear debris may be classi-
fied as to wear mode. It has been shown that in only one instance, that of
the linear motion seal wear mode, can one particular type of particle be
definitely assigned a wear mode. It is recommended that an extension of
this pioneering effort be undertaken in order to develop methods for de-
termining the wear mode of a given particle.

B. Metallic debris, which was contained in the samples supplied by the
Naval Air Engineering Center, appeared quite similar, regardless of sampling
location. Further work In this area will be necessary before any definite
conclusions may be reached concerning the feasibility of using Ferrography
to detect wear from specific hydraulic components. It is recomended that
a program of carefully contrived testing of individual components be under-
taken to determine conclusively whether specific and distinguishable types
of wear are generated by each component.

C. The use of a SEM, which was equipped with an X-ray analyzer, has demon-
strated the ability to determine the predominant elements constituting the
individual wear particles, which have been deposited on the Ferrograms. It
is recoioended that further work be carried out in this area to determine
the feasibility of using X-ray analysis as a method of detecting wear from
specific hydraulic components.
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APPENDIX A - FERROGRAPHY REPORTS

A. This appendix contains the Ferrography reports for the samples sent to
the FPRC by Naval Air Engineering Center. The Ferrography reports are
grouped by sampling location as follows:

Sample No. Location Pages

A-I - MM-1 Filter, Reservoir Return Line ....... ... 53-71

A-2 - MM-2 Filter, Dual Yaw Control .... ......... 72-90

A-3 - MH-3 Filter, Pump Case Drain ............ .. 91-119

A-4 - M4-4 Actuator System Circuit .... .......... 110-129

Each set of reports is arranged in qrder of increasing hours of operation.

Bs The wear debris severity index is a number from 1 tc 5 (1 is least severe,
and 5 is most severe) and is the analyst's opinion of the severity of the
wear debris viewed on the Ferrogram. The debris gravity index is a number
from 1 to 3 and is the result of the analyst's visual judgment as to the
amount of debris observed. A debris gravity index of 1 indicates that little
debris of the indicated type was observed on the Ferrogram; a debris gravity
index of 3 indicates very much debris was observed.

52 (A-I of A-78) I.
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